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1 Recent studies of ITO have been focused on shape and size controlled nanoparticles for the versatile device applications. 2 The crystal structure of ITO nanoparticles follows that of In 2 O 3 that is known to have two types of crystal structures: bixbyite structure of cubic unit cell 3a and corundum structure of rhombohedral or hexagonal unit cell.
3b While most of pure In 2 O 3 or ITO nanoparticles were fabricated as bixbyite type, not many reports of corundum type nanoparticles are known despite the corundum type ITO has some advantages such as higher specific gravity and more stable conductivity. This is just because of synthetic difficulty of the high temperature and high pressure condition. 4 Recently Qian et al. reported the hydrothermal method of synthesizing ITO or In 2 O 3 nanoparticles and nanowire of corundum structure in a relatively mild conduction.
5 Gurlo et al. also synthesized corundum type In 2 O 3 in ambient pressure condition using acetylacetone/methanol solvent condition. 6 Lee et al. reported uniformly size-controlled nanocubes of corundum In 2 O 3 prepared by surfactant-assisted method. 7 All these recent studies revealed that corundum type In 2 O 3 could be obtained through the dehydration of InOOH. Here, we report the preparation of corundum ITO nanoparticles by the simple temperature and pH controlled coprecipitation in aqueous solution. Figure 1 shows X-ray diffraction patterns of ITO precursors that were prepared at different pHs and temperatures in aqueous solution. When the precursor was prepared at pH 12, it consisted of mainly cubic In(OH) 3 at 60 o C and some unknown phases were mixed with cubic In(OH) 3 at 0 and 30 o C. However, when the precursor was prepared at pH 8, it was almost amorphous at 0 and 30 o C and showed dominantly orthorhombic InOOH structure at 60 o C as shown in Figure 1 (b) . When these ITO precursors were annealed above 300 o C, the structural transformation occurred. As shown in Figure 2 , the precursors that were prepared at pH 12 were transformed to bixbyite structure ITO regardless of precipitation temperature when they were annealed at 400 o C for 2 hours. Whereas, those prepared at pH 8 were changed to bixbyite or corundum type ITO at the same condition depending on the precipitation temperature: corundum for the precipitate at 60 o C, bixbyite for the precipitate at 0 and 30 o C. The XRD patterns of bixbyite ITO whose precursors were prepared at pH 8 are much sharper and well defined than those prepared at pH 12. The unit cell parameter a that was calculated from Nelson-Riley extrapolation for the precursor prepared at pH 8 and 0 o C is closest to the known bulk value (10.118 Å) 3a as 10.112 Å. The values for the other precursors were a little smaller than this. The particle sizes calculated from Debye-Scherrer equation tells that the lower precipitation temperature was, the smaller the particle size was in the case of pH 12. On the contrary, what was prepared at lower precipitation temperature showed larger particle in the case of pH 8. The crystallization of the precursors prepared at pH 8 to bixbyite structure occurred from amorphous phase, while the precursors prepared at pH 12 were transformed mainly from cubic In(OH) 3 to cubic In2O3 although some mixed phases existed in them prepared at lower temperatures. The crystallization from amorphous phase may be easier than from another crystal phase because of lower activation energy. For this reason the XRD patterns of ITO prepared at pH 8 are much sharper than those prepared at pH 12. The unit cell parameters of the corundum structure ITO were calculated as 5.474 and 14.522 Å for a and c, respectively. The a value is a little smaller and the c value is a little larger than those of the known corundum In 2 O 3 that were prepared at high pressure and temperature (65 kbar and 110 o C). The thermogravimetric analysis (TGA) and differential scanning calorimetric (DSC) data show clearly the difference between the precursors prepared at pH 12 and 8. For all three precursors prepared at pH 12 the weight losses occurred similarly about 17% sharply until about 300 o C as shown in Figure 3 o C, of which crystal structure correspond to bixbyite and corundum, respectively. The particle sizes are both about 10-20 nm and the particle morphologies in both cases are also similar from the pictures of field-emission scanning electron microscopic pictures (not shown here). The particles in both cases exhibits lattice fringes that indicate their single crystal nature. The lattice plane distances approximately corresponds to the (222) and (104) planes for bixbyite and corundum structures, respectively.
In this study we have demonstrated that the crystal structure of ITO nanoparticles could be controlled by the precipitation condition of the precursors that were prepared by simple coprecipitation in aqueous solution. At pH 12 the precursors were crystallized as cubic In(OH) 3 structure regardless of precipitation temperatures herein studied and the subsequent annealing of the precursors above 300 o C gave only cubic bixbyite ITO. However, when the precursor was prepared at pH 8, it was amorphous or of orthorhombic InOOH structure depending on precipitation temperature. The only orthorhombic InOOH precursor that was prepared at 60 o C resulted in corundum structure of ITO, while the others gave the cubic bixbyite ITO structure. The result shows clear evidence that only rhombohedral InOOH can be transformed to the corundum structure, while cubic and amorphous In(OH) 3 give rise to bixbyite structure after dehydration.
Experimental
Synthesis of ITO nanoparticles. The mixture solution of 0.018 mol In(NO 3 ) 3 ·5H 2 O (99.9%, Aldrich) and 0.002 mol SnCl 4 ·5H 2 O (98%, Aldrich) in 50 mL of 0.4 M HCl was slowly introduced drop-by-drop into 300 mL of 1.5 M NaOH solution that was previously adjusted to appropriate pH with conc. HCl. During the addition of the mixed solution, the solution of 1.5 M NaOH was simultaneously added to keep an appropriate pH. The temperature of the reaction solution was maintained constant within ± 1 o C with a circulating thermostatic bath and water-jakected reaction vessel and the solution was vigorously stirred. The white precipitates appeared immediately with dropping of the mixed solution and the reaction solution was kept stirred for 1 hour after all mixture solution was added. The precipitates were centrifuged at 12,000 rpm for 10 minutes and washed with deionized water. The centrifugation and washing were repeated 5-8 times until the washed water was free from Cl 
